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Collision-induced decompositions (CID) of protonated peptides were studied using a 
four-sector mass spectrometer. The collision gases employed were helium and argon. The 
CID spectra of several peptides covering the molecular mass region of 905-2465 u were 
recorded. These investigations established several previously unrecognized differences 
between the CID spectra obtained with helium and argon as collision gases. These can be 
summarized as follows: (1) Structurally signiftcant and specihc side chain fragmentations 
(d,, w,, and v, ion types) are greatly reduced or completely missing in the CID spectra 
obtained with helium as a collision gas compared to those obtained with argon. (2) As the 
peptide molecular mass increases, argon, which is heavier than helium, is increasingly 
more efficient than helium for generating fragment ions. (1 Am Sot Mass Spectrom 2992, 3, 
502-514) 
T 
he introduction of soft ionization techniques 
such as fast atom bombardment (FAB) [l] and 
liquid secondary ion mass spectrometry (LSIMS) 
[2], in each of which a liquid matrix is used, has 
provided a means of generating intense ion beams 
from thermally labile molecules such as peptides, 
thereby allowing them to be studied by means of 
mass spectrometry. Neither ionization method readily 
gives structural information on peptides, however, 
primarily because the protonated molecules, MH+, 
generated by these techniques do not fragment exten- 
sively and there is strong interference (“chemical 
noise”) from ions generated from the liquid matrix. 
Tandem mass spectrometry [3], or mass spectrom- 
e&y/mass spectrometry (MS/MS), has been suc- 
cessfully used to overcome these problems. This 
technique employs two mass spectrometers (or ana- 
lyzers) in tandem, the first (MS-I) being used to select 
ions of a particular mass. These ions are focused so as 
to pass into a collision cell placed between MS-I and 
MS-II in which collisions take place between the ions 
and a collision gas, such as helium or argon, which is 
introduced into the cell. Among other processes, colli- 
sion-induced decomposition (CID) of the primary ion 
beam will occur, generating a number of fragment 
ions of mass-to-charge ratio (m/z) characteristic of the 
structure of the primary ion. These fragment ions are 
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analyzed by means of the second mass spectrometer, 
MS-II. 
If the tandem mass spectrometer is a triple- 
quadrupole [4, 51 or a hybrid instrument 16, 71, low 
energy (E,, I 100 eV) CID occurs. The use of low 
energy CID for peptide sequencing has been thor- 
oughly described recently [S-11]. Low energy CID 
produces abundant fragment ions from MH+ ions of 
smaller peptides (relative molecular mass up to about 
800); high energy CID gives more complete sequence 
information for higher mass peptides [ll]. High en- 
ergy CID (Ekin 2 1 keV) experiments are carried out 
in sector instruments, and early work on two-sector 
instruments made use of mass-analyzed ion kinetic 
energy spectroscopy (MIKES) [12] or a linked scan in 
which the ratio of magnetic and electric sector field 
strengths (B/E) was kept constant [13]. Neither of 
these techniques offers good mass resolution of both 
primary and secondary ions. 
Tandem double-focusing mass spectrometers 
(14-201 currently provide one of the best methods for 
the sequencing of peptides. The combination of high 
resolving power of MS-I and MS-II, the accuracy of 
fragment ion mass assignment ( + 0.2 u), and the high 
energy CID conditions allow the sequencing of pep- 
tides containing up to 25 amino acid residues [18]. 
Although these instruments have now been in use for 
several years, there has to our knowledge been no 
report in the literature of a systematic study of the 
effects of varying the nature and pressure of the 
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collision gas, although brief accounts of such studies 
have appeared in conference proceedings [16, 191. 
Carr et al. [16] reported that when argon was used as 
the collision gas, the fragment ion spectra obtained 
from a VG ZAB-SE 4F four-sector instrument con- 
tained peaks due to fragment ions that were not 
present when helium was used as the collision gas. 
The differences were mainly in the heights of peaks 
arising from ions that require multiple bond cleavages 
for their formation. For peptides of relative molecular 
mass (RMM) above 2000, however, argon could not 
be used because ion losses, presumably due to scatter- 
ing, outweighed the advantages of using the heavier 
collision gas. Curtis et al. 1191, using a VG 70-4SE 
four-sector instrument, investigated the efficiency of 
fragment ion production in the CID of peptides as a 
function of the peptide BMM and the type of collision 
gas used. From the results of studies of a model 
peptide (physalaemin, RMM 1264.6), they concluded 
that for ions of m/z 500-1500, light collision gases 
such as helium and hydrogen give a greater relative 
yield of high mass ions, whereas heavier collision 
gases such as nitrogen, argon, and xenon give a 
greater relative yield of low mass ions. As a compro- 
mise for this mass region, they suggested the use of a 
mixture of light and heavy collision gases to optimize 
the fragmentation. For peptides of RMM greater than 
1500, the light collision gases became very much less 
efficient than the heavy gases in promoting fragmen- 
tation. 
The major classes of fragment ions formed in the 
high energy CID of MHf ions of peptides have been 
described previously. In Scheme I, the types of frag- 
ment ion arising from cleavage along the polyamide 
backbone of a peptide are illustrated. These types of 
fragment ion (a, b, c, x, y, and z ions) were first 
observed in the FAB/MS spectra of peptides [23-251 
and subsequently in their high energy CID spectra 
[26]. Additional fragment ions, the formation of which 
requires a backbone cleavage and the loss of the 
whole or part of the side chain of an amino acid, have 
been observed by Biemann and co-workers [27, 281. 
The structure and mechanism of formation of these 
ions (d,, w,, and v,) are iIlustrated in Scheme II. 
Because the formation of these ions requires the 
breaking of more than one bond, their formation is 
expected to require significantly higher internal ener- 
gies than those leading to the ions formed by back- 
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Scheme I. Fragments produced from protonated linear pep- 
tides [Zl, 221. 
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Scheme II. Mechanisms leading to d,, v,, and w, ions. 
bone cleavage alone. This suggestion is supported by 
the results of Martin and Biemann and associates [29, 
301 concerning the kinetic energy dependence of the 
relative abundances of backbone and side chain frag- 
ments. When helium was used as the collision gas, 
the relative abundance of the side chain fragments 
decreased rapidly at primary ion energies of less than 
2000 eV, but when xenon was the collision gas, this 
effect was observed only below primary ion energies 
of 400 eV. 
Biemarm and co-workers have also shown that the 
fragmentation behavior of MH+ ions of peptides un- 
dergoing high energy CID can be classified in terms of 
the extent of the localization of charge along the 
peptide chain [28, 31, 321. They found two limiting 
cases: (1) Almost complete delocalization of charge in 
MH+ ions of peptides containing no basic amino 
acids. The delocalization is complete if the peptide is 
N-acylated. The CID spectra of these ions consist 
mainly of b, ions and some yn ions. (2) Almost com- 
plete localization of charge in MH+ ions of peptides 
containing an arginine residue, the localization being 
complete if there is a quaternary ammonium group in 
the peptide. If the charge is localized at or near the 
N-terminal end of the ion, the CID spectrum contains 
mainly a,, and d, ions, whereas if it is localized at the 
C-terminal end, mainly y,,, v,, and w, ions are pres- 
enfin the spectrum. 
Peptides that contain amino acids that are less 
basic than arginine, such as histidine and lysine, 
exhibit behavior between these two limiting cases. 
The above observations are discussed in more detail 
elsewhere [28 1. 
Notwithstanding the collision gas effects described 
above, most reports of work carried out on four-sector 
tandem mass spectrometers concerning the CID of 
peptides or other large biomolecules indicate that he- 
lium is used as the collision gas. We therefore carried 
out a detailed study of the nature of the collision gas 
on the CID spectra of peptides. These studies were 
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carried out on peptides having a RMM of 905-2465 collision gas to another, the line was flushed out with 
and taking into consideration the very different frag- the new gas and evacuated several times. Care in 
mentation behavior of the various classes of peptide ensuring the purity of the collision gas was found to 
described above, three classes of peptide were stud- be crucial because traces of a heavier collision gas, 
ied: including air, had a very strong effect on the CID 
spectra obtained when helium was used as the colh- 
1. Peptides containing arginine at the N-terminal end 
2. Peptides containing arginine at the C-terminal end 
3. Peptides containing no basic amino acid 
These studies revealed marked differences in the CID 
spectra that have not been reported previously. 
Experimental 
All experiments were carried out using a Kratos 
“Concept” II HI-l four-sector tandem mass spectrom- 
eter (Kratos Analytical, Ramsey, NJ). This instrument 
has been described in detail elsewhere, and we de- 
scribe only experimental conditions of importance in 
the present work. Ions were generated by FAB, using 
xenon atoms of 8 keV translational energy. All pep- 
tides were obtained from Sigma Chemical Corpora- 
tion (St. Louis, MO) and were used without further 
purification. Samples were dissolved in a 1: 1 mixture 
of glycerol and monothioglycerol to give a solution of 
2-5 nmol/aL of which 1 pL was placed on the probe 
tip. To this solution a trace of trithroroacetic acid 
(TFA) was added to promote the production of proto- 
nated peptides in the FAB ionization process. For 
peptides containing one or more disultide bridges, the 
FAB conditions were as described elsewhere [20] so as 
to reduce fully the disultide bridges. It should be 
emphasized that very acceptable spectra could be ob- 
tained with much smaller samples, but the primary 
aim of the present work was to demonstrate the 
differences in relative abundances of certain fragment 
ions rather than to determine the overall sensitivity of 
the experiment. 
sion gas. 
All CID spectra were obtained by means of a linked 
scan of the electric and magnetic sector held strengths, 
E2 and B2, of MS-II under control of the DS90 data 
system. A scan speed of 30 s/decade was used with 
100 Hz filtering. The profile data collected were aver- 
aged, and the centroids of the peaks in the resulting 
spectrum were used for mass assignment by the DS9o 
data system. The second mass spectrometer, MS-II, 
was calibrated by means of a Phrasor FAB probe 
inserted into the collision chamber through a vacuum 
lock; this gave an accuracy of mass assignment of 
better than kO.3 u. Experimental conditions were 
carefully chosen so that the intensity of the primary 
ion beam did not change by more than +20% be- 
tween successive scans; this was achieved by apply- 
ing relatively large samples (2-5 nmol) to the probe 
tip and cooling the probe. For these experiments the 
multiplier gain was set such that the signal due to the 
primary ion was saturated. Consequently, in the spec- 
tra obtained with the data system, although the rela- 
tive heights of the fragment ion peaks are correct, 
they do not reflect their true levels relative to the 
primary ion peak. To be able to assess the effect of the 
nature of the collision gas on the efficiency of frag- 
ment ion production in the CID experiments, the true 
heights of several intense fragment ion peaks were 
measured relative to the precursor ion peak in a 
separate experiment for each spectrum recorded. 
These measurements were used to obtain the multi- 
plication factors shown in each spectrum. 
MS-I was operated with an accelerating voltage of 
8 kV, and the resolution was adjusted so as to achieve 
baseline separation of the 12C peak in the isotope 
cluster of the MH+ ion. The ions giving this “C peak 
were selected by MS-I and focused into the collision 
cell, which was floated at a potential of 4 kV above 
earth potential. Collision gases were obtained from 
Matheson (East Rutherford, NJ) and were of research- 
grade purity, and after a detailed study of the effects 
of various collision gas pressures, the collision gas 
pressure in the collision cell was adjusted to attenuate 
the primary ion beam by 70% for helium and 75% for 
argon. 
The collision gas inlet system was designed so that 
switching between collision gases could be accom- 
plished without disassembling any part of the system. 
The collision gas inlet line could be evacuated to a 
pressure of 10m2 ton, and when switching from one 
To try to ensure uniform operating conditions 
throughout this set of experiments, the instrument 
was tuned at the beginning of each working day to 
produce the optimum CID spectrum of the m/z 1692 
ion of cesium iodide produced by FAB ionization. The 
optimum conditions were identified with the estab- 
lishing of maximum transmission of the primary ion 
and all fragment ions simultaneously. 
Results and Discussion 
Peptides Containing Arginine at the 
N-Terminal End 
In Figure 1, CID spectra of substance P are shown as 
observed using helium and argon as target gases. The 
spectrum obtained using helium as the target gas has 
similar characteristics to spectra cited in the literature 
that have often been used as a test for the perfor- 
mance of tandem instruments [32, 331. It contains an 
almost complete series of a, ions and d, ions in 
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significant abundance except for the proline (positions 
2 and 4), glycine (position 9), and phenylalanine 
(positions 7 and 8) residues. The proline and glycine 
residues cannot give rise to any d, fragments by 
definition (see Scheme II). Johnson et al. [28], who 
used helium exclusively as the target gas, noted in 
their original paper on the formation of d, ions that 
amino acids with aromatic side chains give rise to 
very low abundances of such ions. The spectrum 
obtained using argon as the target gas significantly 
enhances the peaks due to d, ions relative to those of 
a, ions, as previously noted by Car-r et al. [16]. Fur- 
Substance P MHt : 1347.7 
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Arg-Pro-Lys-Pro-Gin-Gin-Phe-Cly-Leu-M 
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Fi@ue 1. The CID spectrum of the 
MH+ Ion ot Substance P (m/z 
1347.7) obtained using (a) helium 
and (b) argon as the collision gas 
and a collision cell potential of 4 kV. 
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thermore, there are d, ions of significant abundance 
arising from the phenylalanine residues (dr and ds), 
which are essentially absent from the spectrum ob- 
tained using helium as the target gas. These observa- 
tions indicate that high energy collisions of the MH+ 
ion of substance P with argon deposit more internal 
energy into the ion than similar collisions with helium 
[34]. Further support for this conclusion can be ob- 
tained from the data shown in Table 1. This table lists 
the heights, as a percentage of the intensity of the 
MH+ ion peak, of the peaks arising from the a, + 1, 
a,,, and d, ions formed from the phenylalanine 
residues of substance I’ when helium and argon were 
used as collision gases. On excitation, a,, + 1 ions 
give rise to a, and d, ions [28]. The fall in relative 
intensities of the a7 + 1 and as + 1 peaks, together 
with the formation of d, and d, ions on switching 
from helium to argon as the target gas, provides clear 
evidence that the a7 + 1 and as + 1 ions are formed 
with greater internal energies when argon is used as 
the target gas. 
Figures 2-4 show similar pairs of CID spectra for 
the MH* ions of the peptides [des-Arg’]-bradykinin, 
renin substrate, and the CLIP peptide. These peptides 
all contain an arginine residue at or near their N- 
terminal end. Together with substance I’, they cover a 
mass range of 905-2465 u. As discussed above, the 
multiplication factors shown in the figures for differ- 
ent regions of the CID spectra reflect the heights of 
the fragment ion peaks relative to the primary ion and 
so may be used as a measure of the efficiency of 
Table 1. Comparison af the relative abundances of a7, a7 + 1, 
d,, a8, a8 + 1, and d, fragment ions in the CID 
spectrum of the MH* ion of substance P using helium 
and argon as collision gases. 
SUBSTANCE P IMCHI’ = 1347.7 
RPKPEEFFGLM 
.“, d” 1 I a 1 ‘ I , a ,101, 
H+ 
/p- I 
- CO NH CH tC6H5 
3 
n-l 
fragment ion production as a function of F&&I and 
target gas. For the two lower mass peptides, [des- 
Arg’]-bradykinin and substance P (Figures 1 and 2), 
the fragment ion peaks in the spectra obtained using 
helium and argon as target gases are comparable. For 
the higher mass peptides (Figures 3 and 4), however, 
the heights of peaks due to fragment ions in the 
helium CID spectra are much lower than those found 
in the argon CID spectra. It appears that the efficiency 
of helium as a target gas for inducing the decomposi- 
tion of MH+ ions of the type of peptides discussed in 
this section drops dramatically above - 1500 u, 
whereas the efficiency of argon is relatively indepen- 
dent of mass over the range 905-2465 u. 
Peptides Containing Arginine at the 
C-Terminal End 
The CID spectra of the MH’ ion of frbrinopeptide A 
obtained by using helium and argon as target gases 
are shown in Figure 5. The striking difference in the 
spectra is immediately apparent in that in contrast to 
the spectrum obtained using helium, that obtained 
using argon contains intense peaks due to w, and v, 
fragment ions arising from side chain fragmentations 
covering the entire sequence of the peptide. The 
heights of the peaks arising from y,, ions are essen- 
tially unchanged, due to the y14 ion being somewhat 
greater when helium was the target gas. Since y,, ions 
are known to be precursors of v, ions [28], the differ- 
ences between the two spectra indicate that when 
argon is used as the target gas to obtain a CID spec- 
trum, greater amounts of internal energy are on aver- 
age deposited into the MH+ ion of frbrinopeptide A 
than when helium is used as the target gas. 
Similar differences are observed in the correspond- 
ing CID spectra given by the MH+ ion of the reduced 
form of [Arg’]-vasopressin, which has a relatively low 
RMM of 1086.5 u (Figure 6), and porcine pancreas- 
tatin fragment (33-49) (Figure 7), for which MH+ has 
an RMM of 1846.9. The CID spectra given by a num- 
ber of other peptides that contained an arginine 
residue at or near the C-terminal end showed similar 
features. 
Peptides Containing No Basic Amino Acids 
The CID spectra of the MH+ ion of the (54-65) frag- 
ment of the peptide hirudin in which helium and 
argon were used as the target gases are shown in 
Figure 8. Each spectrum contains a nearly complete 
set of peaks arising from b, and y,, ions but no peaks 
due to ions formed by side chain fragmentations. The 
overall heights of the peaks arising from fragment 
ions are similar in the two spectra, and it is evident 
that the CID spectrum of this peptide does not de- 
pend strongly on the nature of the target gas. Similar 
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Figure 2. The CID spednun of the 
MH+ ion of [des-Argg]-bradykinin 
(m/z 904.5) obtained using (a) he- 
lium and @) argon as the collision 
r, gas and a collision cell potential of 4 
kV. 
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Figure 4. The CID spechum of the 
MH+ ion of CLIP (m/z 2465.2) 
obtained using (a) helium and (b) 
argon as the collision gas and a 
200 collision ceJJ potential of 4 kV. 
results were obtained for other peptides that contain 
no amino acid residues, but as the RMM of the pep- 
tide increases, the efficiency of helium as a target gas 
to promote CID gradually decreases. 
Conclusions 
The results indicate that the CID spectra of the MH’ 
ions of peptides are affected by the nature of the 
target gas to varying degrees. Peptides that contain a 
basic amino acid residue, such as arginine, at the 
C-terminal end show the most marked differences 
both in the qualitative features of the spectrum and in 
the overall efficiency of fragmentation when the target 
gas is switched from helium to argon. If the basic 
amino acid residue is at the N-terminal end, the 
difference is less marked but nevertheless quite sig- 
nificant; when helium is used as the target gas, no 
peaks due to d, ions arising from the fragmentation 
of amino acid residues having aromatic side chains 
are observed, and the efficiency of fragmentation rela- 
tive to that obtained with argon as the target gas falls 
rapidly above an Rh4M of 1500 u. If no basic amino 
acid residue is present in the peptide, the CID spec- 
trum is much less dependent on the nature of the 
target gas, but the difference in fragmentation effi- 
ciencies above an RMM of about 1500 is stiIl observed. 
The results show that in the high energy CID of 
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Figure 6. The CID spectrum of the 
MH+ ion of [Arg’]-vasopressin 
(m/z 1086.5) obtained using (a) he- 
lium and (b) argon as collision gas 
and a collision celJ potential of 4 kV. 
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(b) 
x 
Figure 7. The CID spectrum of the 
MH+ ion of porcine pancreastatin 
(m/t 1846.9) obtained using (a) he- 
lium and (b) argon as the collision 
gas and a collision cell potential of 4 
kV. 
0 
,. 1 
Porcine pancreestalin Rngment [a-49] MHt : 1846.9 
Gln-Clu-GIu-CIu-GIu-Glu~Thr~~n-Gly-~s-Pro-Cln-Gly-Leu-Phe-Arg-Cly-NH~ 
peptides of RMM above about 1000 u, the use of the tation processes. These observations are explained by 
heavier target gas, argon, leads to the deposition on assuming that in high energy collisions, the most 
average of larger amounts of internal energy than important excitation is electronic excitation [35, 381, 
when helium is the target gas. This conclusion is the for which helium has a large cross section (see ref 39 
reverse of that reached by a number of authors [35-381 for a review of collisional excitation mechanisms). The 
based on observations of the high energy CID of results reported here indicate that above an RMh4 of 
smaller polyatomic ions. It has been shown [36, 371 about 1000 II, electronic excitation is neither the only 
that for polyatomic ions of RMM below about 300 u, nor the most important excitation mechanism in high 
high energy collisions with helium rather than argon energy collisions. Vibrational excitation, brought about 
result in the generation of more abundant fragments by any of the several possible mechanisms previously 
and more fragments formed in high energy fragmen- suggested [39], is consistent with the observed depen- 
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